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A Brief Outline of the Development of the Theory of Relativity. 

By Prof, A. Einstein. 


[Translated by Dr. Robert W. Lawson.] 


T HERE is something attractive in presenting 
the evolution of a sequence of ideas in as 
brief a form as possible, and yet with a complete¬ 
ness sufficient to preserve throughout the con¬ 
tinuity of development. We shall endeavour to 
do this for the Theory of Relativity, and to show 
that the whole ascent is composed of small, almost 
self-evident steps of thought. 

The entire development starts off from, and is 
dominated by, the idea of Faraday and Maxwell, 
according to which all physical processes involve 
a continuity of action (as opposed to action at a 
distance), or, in the language of mathematics, 
they are expressed by partial differential equa¬ 
tions. Maxwell succeeded in doing this for 
electro-magnetic processes in bodies at rest by 
means of the conception of the magnetic effect 
of the vacuum-displacement-current, together with 
the postulate of the identity of the nature of 
electro-dynamic fields produced by induction, and 
the electro-static field. 

The extension of electro-dynamics to the case 
of moving bodies fell to the lot of Maxwell’s suc¬ 
cessors. H. Hertz attempted to solve the problem 
by ascribing to empty space (the aether) quite 
similar physical properties to those possessed by 
ponderable matter; in particular, like ponderable 
matter, the aether ought to have at every point a 
definite velocity. As in bodies at rest, electro¬ 
magnetic or magneto-electric induction ought to 
be determined by the rate of change of the elec¬ 
tric or magnetic flow respectively, provided that 
these velocities of alteration are referred to sur¬ 
face elements moving with the body. But the 
theory of Hertz was opposed to the fundamental 
experiment of Fizeau on the propagation of light- 
in flowing liquids. The most obvious extension 
of Maxwell’s theory to the case of moving 
bodies was incompatible with the results of 
experiment. 

At this point, H. A. Lorentz came to the rescue. 
In view of his unqualified adherence to the atomic 
theory of matter, Lorentz felt unable to regard 
the latter as the seat of continuous electro¬ 
magnetic fields. He thus conceived of these fields 
as being conditions of the tether, which was 
regarded as continuous. Lorentz considered the 
aether to be intrinsically independent of matter, 
both from a mechanical and a physical point of 
view. The aether did not take part in the motions 
of matter, and a reciprocity between aether and 
matter could be assumed only in so far as the 
latter was considered to be the carrier of attached 
electrical charges. The great value of the theory 
of Lorentz lay in the fact that the entire electro¬ 
dynamics of bodies at rest and of bodies in motion 
was led back to Maxwell’s equations of empty 
space. Not only did this theory surpass that of 
Hertz from the point of view of method, but with 
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its aid H. A. Lorentz was also pre-eminently 
successful in explaining the experimental facts. 

The theory appeared to be unsatisfactory only 
In one point of fundamental importance. It 
appeared to give preference to one system of co¬ 
ordinates of a particular state of motion (at rest 
relative to the tether) as against all other systems 
of co-ordinates in motion with respect to this one. 
In this point the theory seemed to stand in direct 
opposition to classical mechanics, in which all 
inertial systems which are in uniform motion with 
respect to each other are equally justifiable as 
systems of co-ordinates (Special Principle of Rela¬ 
tivity). In this connection, all experience also in 
the realm of electro-dynamics (in particular 
Michelson’s experiment) supported the idea of the 
equivalence of all inertial systems, L e. was in 
favour of the special principle of relativity. 

The Special Theory of Relativity owes its origin 
to this difficulty, which, because of its fundamental 
nature, was felt to be intolerable. This theory 
originated as the answer to the question : Is the 
special principle of relativity really contradic¬ 
tory to the field equations of Maxwell for empty 
space? The answer to this question appeared to 
be in the affirmative. For if those equations are 
valid with reference to a system of co-ordinates- 
K, and we introduce a new system of co-ordinates 
K 7 in conformity with the—to all appearances 
readily establishable—equations of transformation 


x'=x—vt\ 

y'=y 

z' -z 
f =t 


[(Galileo transformation), 


then Maxwell’s field equations are no longer valid 
in the new co-ordinates [x 1 , y 1 , s', t 1 ). But 
appearances are deceptive. A more searching 
analysis of the physical significance of space and 
time rendered it evident that the Galileo trans¬ 
formation is founded on arbitrary assumptions, 
and in particular on the assumption that the state- 
ment of simultaneity has a meaning which is 
independent of the state of motion of the system 
of co-ordinates used. It was shown that the field 
equations for vacuo satisfy the special principle 
of relativity, provided we make use of the equa- 
tlnnc of transformation stated below : 


x—vt \ 


I - v't/c* 


y =y 

z' = z 


t' = 


t — vxjc 2 


(Lorentz transformation). 


V1 - 

. these equations x, y, z represent the co-ordi- 
ites measured with measuring-rods which are 
rest with reference to the system of co-ordi- 
ites, and t represents the time measured with 
itably adjusted clocks of identical construction, 
hich are in a state of rest. 
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Now in order that the special principle of rela¬ 
tivity may hold, it is necessary that all the equa¬ 
tions of physics do not alter their form in the 
transition from one inertial system to. another, 
when we make use of the Lorentz transformation 
for the calculation of this change. In the lan¬ 
guage of mathematics, all systems of equations 
that express physical laws must be co-variant with 
respect to the Lorentz transformation. Thus, 
from the point of view of method, the special prin¬ 
ciple of relativity is comparable to Carnot’s prin¬ 
ciple of the impossibility of perpetual motion of 
the second kind, for, like the latter, it supplies us 
with a general condition which all natural laws 
must satisfy. 

Later, H. Minkowski found a particularly 
elegant and suggestive expression for this 
condition of co-variance, one -which reveals a 
formal relationship between Euclidean geometry 
of three dimensions and the space-time continuum 
of physics. 

Euclidean Geometry of 
Three Dimensions. 

Corresponding to two 
neighbouring points in 
space, there exists a 
numerical measure (dis¬ 
tance ds) which conforms 
to the equation 

ds^^dx^+Axf+dx*. 


It is independent of the 
system of co-ordinates 
chosen, and can be 
measured -with the unit 
measuring-rod. 


The permissible trans¬ 
formations are of such a 
character that the expres¬ 
sion for ds 2 is invariant, 
i.e. the linear orthogonal 
transformations are per¬ 
missible. 


With respect to these 
transformations, the laws 
of Euclidean geometry 
are invariant. 

From this it follows that, in respect of its rdle 
in the equations of physics, though not with regard 
to its physical significance, time is equivalent to 
the space co-ordinates (apart from the relations 
of reality). From this point of view, physics is, 
as it were, a Euclidean geometry of four dimen- 
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Special Theory of 
Relativity. 

Corresponding to two 
neighbouring points in 
space-time (point events), 
there exists a numerical 
measure (distance ds) 
which conforms to the 
' equation 

ds 2 = dx 1 s +dx 2 2 + dx 2 + dx' 

It is independent of the 
inertial system chosen, 
and can be measured 
with the unit measuring- 
rod and a standard clock. 
x lt x„, x 3 are here 
rectangular co-ordinates, 
whilst x 1 =>J — ict is the 
time multiplied by the 
imaginary unit and by 
he velocity of light. 

The permissible trans¬ 
formations are of such a 
character that the expres¬ 
sion for ds 2 is invariant, 
i.e. those linear ortho¬ 
gonal substitutions are 
permissible which main¬ 
tain the semblance of 
reality of x„ x~, x 3 , x t . 
These substitutions are 
the Lorentz transforma¬ 
tions. 

With respect to these 
transformations, the laws 
of physics are invariant. 


sions, or, more correctly, a statics in a four¬ 
dimensional Euclidean continuum. 

The development of the special theory of rela¬ 
tivity consists of two main steps, namely, the 
adaptation of the space-time “ metrics ” to 
Maxwell’s electro-dynamics, and an adaptation of 
the rest of physics to that altered space-time 
“metrics.” The first of these processes yields 
the relativity of simultaneity, the influence of 
motion on measuring-rods and clocks, a modifica¬ 
tion of kinematics, and in particular a new theorem 
of addition of velocities. The second process 
supplies us with a modification of Newton’s law 
of motion for large velocities, together with 
information of fundamental importance on the 
nature of inertial mass. 

It was found that inertia is not a fundamental 
property of matter, nor, indeed, an irreducible 
magnitude, but a property of energy. If an 
amount of energy E be given to a body, the 
inertial mass of the body increases by an amount 
E/c 2 , where c is the velocity of light in vacuo. 
On the other hand, a body of mass m is to be 
regarded as a store of energy of magnitude me 2 . 

Furthermore, it was soon found impossible to 
link up the science of gravitation with the special 
theory of relativity in a natural manner. In this 
connection I was struck by the fact that the force 
of gravitation possesses a fundamental property, 
which distinguishes it from electro-magnetic 
forces. All bodies fall in a gravitational field with 
the same acceleration, or—what is only another 
formulation of the same fact—the gravitational 
and inertial masses of a body are numerically 
equal to each other. This numerical equality 
suggests identity in character. Can gravitation 
and" inertia be identical? This question leads 
directly to the General Theory of Relativity. -Is it 
not possible for me to regard the earth as free 
from rotation, if I conceive of the centrifugal 
force, which acts on all bodies at rest relatively 
to the earth, as being a “real ” field of gravita¬ 
tion, or part of such a field? If this idea_ can be 
carried out, then we shall have proved In very 
truth the identity of gravitation and inertia. For 
the same property which is regarded as inertia 
from the point of view of a system not taking 
part in the rotation can be interpreted as gravita¬ 
tion when considered with respect to a system that 
shares the rotation. According to Newton, this 
interpretation is impossible, because by Newton’s 
law the centrifugal field cannot be regarded as 
being produced by matter, and because in 
Newton’s theory there is no place for a “ real 
field of the “ Koriolis-field. ” type. But perhaps 
Newton’s law of field could be replaced by another 
that fits in with the field which holds with respect 
to a “rotating” system of co-ordinates? My 
conviction of the identity of inertial and gravita¬ 
tional mass aroused within me the feeling of abso¬ 
lute confidence in the correctness of this interpre¬ 
tation. In this connection I gained encourage¬ 
ment from the following idea. We are familiar 
with the “ apparent” fields which are valid rela- 
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tively to systems of co-ordinates possessing arbi¬ 
trary motion with respect to an inertial system. 
With the aid of these special fields we should be 
able to study the law which is satisfied in general 
by gravitational fields. In this connection we shall 
have to take account of the fact that the ponder¬ 
able masses will be the determining factor in pro¬ 
ducing the field, or, according to the fundamental 
result of the special theory of relativity, the energy 
density—a magnitude having the transformational 
character of a tensor. 

On the other hand, considerations based on the 
metrical results of the special theory of relativity 
led to the result that Euclidean metrics can no 
longer be valid with respect to accelerated sys¬ 
tems of co-ordinates. Although it retarded the 
progress of the theory several years, this enor¬ 
mous difficulty was mitigated by our knowledge 
that Euclidean metrics holds for small domains. 
As a consequence, the magnitude ds, which was 
physically defined in the special theory of rela¬ 
tivity hitherto, retained its significance also in the 
general theory of relativity. But the co-ordinates 
themselves lost their direct significance, and 
degenerated simply into numbers with no physical 
meaning, the sole purpose of which was the num¬ 
bering of the space-time points. Thus in the 
general theory of relativity the co-ordinates per¬ 
form the same function as the Gaussian co-ordi¬ 
nates in the theory of surfaces. A necessary con¬ 
sequence of the preceding is that in such general 
co-ordinates the measurable magnitude ds must 
be capable of representation in the form 
ds i =' 2 g, a dx u eix„ 

uv 

where the symbols g uv are functions of the space- 
time co-ordinates. F rom the above it also follows 
that the nature of the space-time variation of the 
factors g uv determines, on one hand the space¬ 


time metrics, and on the other the gravita¬ 
tional field which governs the mechanical 
behaviour of material points. 

The law of the gravitational field is determined 
mainly by the following conditions : First, it shall 
be valid for an arbitrary choice of the system of 
co-ordinates; secondly, it shall be determined by 
the energy tensor of matter; and thirdly, it shall 
contain no higher differential coefficients of the 
factors guv than the second, and must be linear in 
these. In this way a law was obtained which, 
although fundamentally different from Newton’s 
law, corresponded so exactly to the latter in the 
deductions derivable from it that only very few 
criteria were to be found on which the theory 
could be decisively tested by experiment. 

The following are some of the important ques¬ 
tions which are awaiting solution at the present 
time. Are electrical and gravitational fields really 
so different in character that there is no formal 
unit to which they can be reduced? Do gravita¬ 
tional fields play a part in the constitution of 
matter, and is the continuum within the atomic 
nucleus to be regarded as appreciably non- 
Euclidean? A final question has reference to the 
cosmological problem. Is inertia to be traced to 
mutual action with distant masses? And con¬ 
nected with the latter: Is the spatial extent of the 
universe finite? It is here that my opinion differs 
from that of Eddington. With Mach, I feel that 
an affirmative answer is imperative, but for the 
time being nothing can be proved. Not until a 
dynamical investigation of the large systems of 
fixed stars has been performed from the point of 
view of the limits of validity of the Newtonian 
law of gravitation for immense regions of space 
will it perhaps be possible to obtain eventually an 
exact basis for the solution of this fascinating 
question. 


Relativity: The Growth of an Idea. 

By E. Cunningham. 


S ACCHERI, in his “ Logica Demonstrativa,” 
published in 1697, ten years after Newton’s 
“Principia Mathematica,” lays down a distinction 
between real and nominal definitions which should 
be kept in mind if we are to do justice to Newton. 
Euclid defines a square as a four-sided figure the 
sides of which are all equal, and the angles of 
which are all right-angles. That is what he means 
by the name “square.” It is a nominal definition. 
It remains to be shown that such a figure exists. 
This is done in Book I., Prop. 46. The definition 
then becomes real. Euclid is not guilty of the 
error of presupposing the existence of the figure. 

Newton prefixes to his principles of natural 
philosophy certain definitions of absolute, true, 
and mathematical space and time. The former 
remains fixed and immovable; the latter flows 
uniformly on, without regard to material bodies. 
He strives here against the imperfections of lan- 
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guage to give words to the thought in the back 
of his mind. The philosopher attacks him on 
these definitions; he has no right to presuppose 
that these words correspond to any reality. What 
then? Suppose these offending definitions re¬ 
moved, or recognised as purely nominal. Then 
the definitions of velocity, acceleration, mass, and 
force are nominal, too, and the whole of Newton’s 
structure of dynamics is a paper scheme of words 
and relations which may or may not correspond 
to the world of sense. 

But that is exactly what it is. That is what all 
scientific theory is, until experiment demonstrates 
that the correspondence exists. The justification 
of Newton’s theory comes, not in the discovery 
of a time that flows uniformly on, but in the fact 
that the observed phenomena of the tides, of 
planetary motion, and of mechanics in general do 
fit on to his scheme. But the fit does not consist 
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